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Finite elementAbstract Punching shear failure is a major problem encountered in the design of reinforced con-
crete ﬂat plates. The utilization of shear reinforcement via shear studs or other means has become a
choice for improving the punching shear capacity. In this study, a new alternative of reinforcement,
the introduction of rebar mesh at the middle of ﬂat plate thickness covering the punching zone and
anchored outside this zone, is proposed. Nevertheless, in this investigation, the proposed reinforce-
ment system is examined for interior columns only.
An experimental work consisting of eight specimens, of normal and high strength concrete, and
an expanded analytical work using the ﬁnite element method had been carried out in order to inves-
tigate the effect of this additional reinforcement for both normal strength and high strength con-
crete. The computer program ANSYS-V12.0 has been utilized in the ﬁnite element analysis.
The obtained results indicate that, the proposed shear reinforcement system has a positive
effect in the enhancement of both the punching shear capacity and the strain energy of interior
slab–column connection of both normal and high strength concrete. The general ﬁnite element
software ANSYS can be used successfully to simulate the punching shear behavior of reinforced
concrete ﬂat plates.
ª 2014 Production and hosting by Elsevier B.V. on behalf of Housing and Building National Research
Center. This is an open access article under theCCBY-NC-ND license (http://creativecommons.org/licenses/
by-nc-nd/4.0/).Introduction
Punching shear is a critical design factor of reinforced con-
crete ﬂat plates since it is associated with brittle failure. Many
alternative reinforcement systems had been introduced in lit-
erature; e.g., shear studs, bent bars, in order to enhance the
punching shear and the strain energy of slab–column
connection.
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strongly inﬂuenced by the type and characteristics of the shear
reinforcing system. Ruiz and Muttoni [1] carried out a series of
a six full scale slab tests (3.0 · 3.0 · 0.25 m) with the same ﬂex-
ural and shear reinforcing ratio but with different punching
shear reinforcing systems; e.g., separated stirrups, continuous
stirrups, bonded reinforcement with anchorage plates, vertical
studs and inclined studs. The improvement in punching shear
strength and ductility as a result of these systems increased
with the same order as they have been mentioned, with the ver-
tical and inclined studs giving the best results; 77% and 119%
improvement, respectively. Bent-up bars also improve the
punching shear strength and deformation capacity as reported
by Tassinari [2]. Lips [3] and Lips and Muttoni [4], with full-
scale tests, demonstrated the positive effect of both shear studs
and continuous stirrups on the punching shear strength and
deformation capacity of slab–column connection. The same
conclusion was achieved by Pilakoutas [5] for inclined shear
band reinforcement. The shear strength is proportional to
the ﬂexural reinforcement ratio; in contrast, the rotation
capacity is inversely proportional to the ﬂexural reinforcement
(Kinnunen and Nylander [6]).
This study explores the possibility of enhancing the punch-
ing shear strength by introducing horizontal mesh reinforce-
ment at the middle of the depth of slab–column connection
zone. This reinforcement arrangement is easy to apply and
economic in comparison with the other reinforcement types.
Codes provisions
The provisions for calculating the ultimate punching shear
capacity recommended by different building codes are
reviewed in the following. For concentric loading, the punch-
ing shear capacity, Pu, is
Pu ¼ vcbod ð1Þ
where vc is the concrete shear strength at the critical shear
plane, bo is the critical shear perimeter and d is the average
effective slab depth.
In the Egyptian Code of Practice, ECP-203 [7], the critical
shear perimeter is located at a distance 0.5d from the column
face, and vc is the smallest of the following:
vc ¼ 0:8 ðad=boÞ þ 0:2½ 
ﬃﬃﬃﬃﬃ
fcu
cc
s
N=mm2 ð2aÞvc ¼ 0:316½0:5þ ða=bÞ
ﬃﬃﬃﬃﬃ
fcu
cc
s
N=mm2 ð2bÞvc ¼ 0:316
ﬃﬃﬃﬃﬃ
fcu
cc
s
N=mm2 ð2cÞ
where a= 4 for interior column, a and b are the smaller and
larger column dimensions, respectively, cc is the material
strength reduction factor and fcu is the strength of the standard
cube 150 mm. The ECP-203 [7] does not account for the ﬂex-
ural reinforcement effect and the concrete strength is limited
to 40 MPa. Besides, it does not take into consideration the
contribution of punching shear reinforcement.According to the ACI 318-11 [8], the critical perimeter is
assumed at 0.5d from the perimeter of the loaded area, and
the nominal punching shear strength vc for slabs without shear
reinforcement is the smallest of the following:
vc ¼ 1
12
½ðasd=boÞ þ 2:0
ﬃﬃﬃﬃ
f 0c
q
N=mm2 ð3aÞ
vc ¼ 1
6
½0:5þ ð2:0=bcÞ
ﬃﬃﬃﬃ
f 0c
q
N=mm2 ð3bÞ
vc ¼ 1
3
ﬃﬃﬃﬃ
f 0c
q
N=mm2 ð3cÞ
where as = 40 for interior columns, bc = long side/short side
of column and should be taken at least equal to 2, bc P 2
and f 0c is the concrete cylinder strength.
For slabs with stirrups as shown in Fig. 1a, according to the
ACI 318-11 [8], the punching shear strength is deﬁned as
Pu ¼ 1
6
bo;ACId
ﬃﬃﬃﬃ
f 0c
q
þ Asfysðd=sÞ N ð4Þ
and in slabs with shear studs, Fig. 1b, it is deﬁned as:
Pu ¼ 1
4
bo;ACId
ﬃﬃﬃﬃ
f 0c
q
þ Asfysðd=sÞ N ð5Þ
where As is the cross-sectional area of one perimeter of shear
reinforcement around the column, s is the distance between
perimeters of shear reinforcement, and fys is the yield strength
of the shear reinforcement. In the ACI 318-11 [8], f 0c is limited
to 68 MPa, and no effect of ﬂexural reinforcement is
considered.
The critical section adopted by the British Standard, BS-
8110 [9], lies at 1.5d from the column face, and the ultimate
punching shear is calculated as follows:
Pu ¼ 0:79ð100qÞ1=3ð400=dÞ1=4ðfcu=25Þ1=3bo;BSd
 
=cm N ð6Þ
fcu 6 40 MPa, 400/dP 1, q is the ﬂexural reinforcement ratio
which is limited to the maximum of 3% and cm is the material
partial safety factor and is equal to 1.25.
If shear reinforcement is considered, Fig. 2, then it should
be provided on at least two perimeters within the punching
zone. The ﬁrst perimeter of reinforcement should be located
at approximately 0.5d from the face of the loaded area and
should contain not less than 40% of the calculated area of
reinforcement. The spacing of perimeters of reinforcement
should not exceed 0.75d and the spacing of the shear reinforce-
ment around any perimeter should not exceed 1.5d. The shear
reinforcement should be anchored round at least one layer of
tension reinforcement. The shear stress should then be checked
on successive perimeters at 0.75d intervals until a perimeter is
reached which does not require shear reinforcement.
The critical section adopted by the Eurocode 2, EC2 [10],
lies at 2d from the column face, and the ultimate punching
shear is calculated as follow:
Pu ¼ 0:18 100qf 0c
 
1=3Kbo;ECd N ð7aÞ
where q is the ﬂexural reinforcement ratio which is limited to
the maximum of 2%, and K is a factor accounting for the size
effect that is deﬁned as:
K ¼ 1þ
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ð200=dÞ
p
6 2:0 ð7bÞ
Figure 1 Control perimeter according to the ACI 318-11 for slabs with shear reinforcement.
Figure 2 BS-8110 shear reinforcement details.
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Figure 3 Control perimeter according to Eurocode 2 for slabs
with shear reinforcement.
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calculated as:
Pu ¼ 0:135 100qf 0c
 1=3
Kbo;ECd
þ 1:5Aswfyw;efðd=swÞ N=mm2 ð8aÞ
where bo;EC is a control perimeter set at a distance of 1.5d from
the outer most perimeter of shear reinforcement as shown in
Fig. 3, and Asw is the area of one perimeter of shear reinforce-
ment around the column, sw is the radial spacing of perimeters
of shear reinforcement, d is the effective depth, and fyw;ef is the
effective stress in the shear reinforcement accounting for lim-
ited anchorage of the shear reinforcement in thin slabs and it
is deﬁned as:
fyw;ef ¼ 1:15ð250þ 0:25dÞ 6 fyw ð8bÞ
where d is the effective depth in mm and fyw is the yield stress of
the shear reinforcement in MPa.
Objectives
In this study a new alternative of punching shear reinforce-
ment of interior slab–column connection is investigated, that
is to provide a rebar mesh at the middle of the slab thickness.
This mesh should be placed within the punching prism and
anchored some distance outside this prism. The signiﬁcanceTable 1 Details of the test specimens and failure load.
Group Specimen fcu (MPa) Flexural
Rft % ðqfÞ
Middle
Rft % (qmm)
A(40) A1(40) 40 0.583 (7/12/s) –
A2(40) 40 0.583 (7/12/s) 0.258 (7/8/s)
A0(40) 40 0.583 (7/12/s) 0.408 (7/10/
B(40) B1(40) 40 0.258 (7/8/s) 0.408 (7/10/
B3(40) 40 1.050 (7/16/s) 0.408 (7/10/
A(60) A1(60) 60 0.583 (7/12/s) –
A2(60) 60 0.583 (7/12/s) 0.258 (7/8/s)
A3(60) 60 0.583 (7/12/s) 0.583 (7/12/
Sec: section, fcu is the strength of standard cube 150 mm as in Table 2.
160 * 160 mm, and slab depth = 113 mm.
The reinforcement: normal mild steel (240/350) for bars of diameter 8 mm
* B.S. Equation with no consideration of the middle mesh.
** B.S. Equation with considering the middle mesh as ﬂexural reinforcem
*** B.S. Equation with considering the middle mesh as ﬂexural reinforcemof this solution lies in its simplicity in fabrication; besides, it
can be placed with very good accuracy without over-due
dependence on perfect workmanship. The current investiga-
tion has two phases: an experimental program and an analyt-
ical study using the ﬁnite element method.
Experimental work
Test specimens
An experimental program consisting of eight square ﬂat plate
specimens, had been carried out. Five specimens were made of
normal strength concrete and have variation of parameters
such as punching shear reinforcement, ﬂexural reinforcement,
while the other three were made of high strength concrete
and have variation of punching shear reinforcement ratios.
The details of test specimens are indicated in Figs. 4 and 5
and in Table 1. For the concrete strength, standard cubes have
been tested for strength control, Table 2, from which the aver-
age strength of all specimens designated as (40) and (60) was 40
and 60 MPa, respectively.
Geometry and reinforcement arrangement
The test specimens, Fig. 4, consisted of square ﬂat plates
1200 mm length and 140 mm thick with 160 mm square rein-
forced concrete column stubs extending 160 mm above the
plate. The column stub was cast monolithically with the slab.
All the slabs were identical in dimensions. The reinforcement
was distributed uniformly throughout the width of the slab
as shown in Fig. 5.
Test set-up
The specimens were tested, in Mansoura University structural
steel lab, in a large reaction frame which consisted of two
beams from combined section of (two channels #260 and
IPE #400) placed on the ﬂoor, connected together with two
orthogonal beams of the same section. Two columns of (IPE
#400) were ﬁxed on the orthogonal beams by eight boltsFailure
load (kN)
Failure load according to BS, kN
*q ¼ qf ** q ¼ qf þ qmm *** q ¼ qf þ qmm
307.8 238.80 238.80 238.80
350 238.80 269.83 269.83
s) 420 238.80 285.00 285.00
s) 246.24 181.98 249.64 249.64
s) 384.75 290.55 324.14 324.14
340 238.80 238.80 273.36
410 238.80 269.83 308.87
s) 470 238.80 300.87 344.41
A1(40) means specimen A1 with fcu = 40 MPa. Column section is
and high tensile steel (400/600) for bars of diameter 10 mm and larger.
ent.
ent and without enforcing the upper limit of fcu.
Figure 4 Typical specimen geometry, dimensions in (mm).
Figure 5 Typical steel arrangement details of slabs A2(40)–A0(40)–B1(40)–B3(40)–A2(60)–A3(60), dimensions in (mm). Specimens
A1(40) and A1(60) are the same as A specimens but they have no middle mesh.
Table 2 Results of axial compression test of specimens cubes.
Specimens fcu (MPa) Average (MPa)
A1(40) 42.0 40
A2(40) 40.0
A0(40) 42.9
B1(40) 39.8
B3(40) 41.8
A1(60) 58.8 60
A2(60) 60.6
A3(60) 62.0
For each specimen, fcu (MPa) is calculated as an average of three
cube tests.
276 A. Ibrahim et al.M16 for each column. The two columns were connected
together by two beams, and each beam consisted of two (chan-Figure 6 Description onels #160). A hydraulic jack 1000 kN capacity was ﬁxed on a
large steel plate (600 * 600 * 60 mm), which was placed and
ﬁxed by eight bolts M16 on the two beams. The specimen
was tested horizontally simply supported and was centered
below the hydraulic jack on a square frame of (IPE #100).
The description of loading system is shown in Fig. 6.
Experimental results
Cracks observation
For all the specimens, surface cracks on the tension side of
reinforcement, had been observed and marked during the test.
The initial crack development in all specimens followed a sim-
ilar pattern. First, diagonal cracks occurred near the column at
a load of about 60 kN. At a loading from 60 to 150 kN cracksf the loading system.
Figure 7 The crack pattern (propagation) in tension side for all specimens.
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Figure 8 Load–deﬂection relation of NSC and HSC specimens
with different ratios of middle mesh reinforcement.
Effect of mid-thickness rebar mesh 277grew toward the middle distance between column and the edge
of the slab in all directions and new diagonal cracks had initi-
ated. At a loading range from 150 to 230 kN cracks were grow-
ing wider and propagating until they reached the specimen
edge. For a loading above 230 kN up to failure, all diagonal
cracks were getting wider and tangential cracks had been
developed. Fig. 7 shows the crack pattern in the tension side
for all specimens. For the compression side, cracks had been
developed around the column in all specimens.
Effect of middle mesh
Strain energy
Fig. 8 shows the load–deﬂection relationship of NSC (40 MPa)
and HSC (60 MPa) specimens for different ratios of middle
mesh reinforcement. From this relationship the strain energy
can be calculated, which is an indication of both the strength
and ductility of the specimen. In this regard, the collapse load
of specimens is given in Table 1. For NSC, it can be shown
from Fig. 8 that increasing the middle mesh reinforcement
ratio from 0% to 0.258% improved the strain energy by about
9% and when increasing the ratio from 0.258% to 0.408% the
strain energy was improved by additional 21.7%. For HSC, it
was noticed that increasing the mesh reinforcement ratio from0% to 0.258% improved the strain energy by about 43.5% and
when increasing the ratio from 0.258% to 0.583% the strain
energy was improved by additional 10.7%.
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Figure 9 Inﬂuence of middle mesh reinforcement on the ultimate
punching shear capacity of NSC and HSC.
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Figure 10 Load–deﬂection relationship of NSC (40 MPa) for
different ratios of ﬂexural reinforcement.
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Figure 11 Inﬂuence of ﬂexural reinforcement on the ultimate
punching shear capacity of NSC specimens.
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For both NSC and HSC, It can be observed from Fig. 9 that,
using the middle layer as shear reinforcement has a positive
effect in enhancing the punching shear strength of the speci-
mens. For NSC, increasing the shear reinforcement ratio from
0% to 0.258%, improved the ultimate punching strength 12%,
and when increasing this ratio from 0.258% to 0.408%, it led
to additional 16.5% increase in the ultimate punching load.
For HSC, increasing the shear reinforcement ratio from 0%
to 0.258%, led to 17% increase in the ultimate punching load
and when increasing this ratio from 0.258% to 0.583% there
was an additional increase in the ultimate punching load of
12.7% only.
Effect of concrete strength
Strain energy
By calculating the area under the load–deﬂection from Fig. 8,
increasing the concrete strength from 40 MPa to 60 MPa with
no middle mesh improved the strain energy by 1.4%. When
increasing the concrete strength from 40 MPa to 60 MPa with
the presence of the middle mesh of ratio 0.258% the strain
energy was improved by 33.5%.
Punching shear capacity
It can be shown from Fig. 9 that, increasing the concrete
strength from 40 MPa to 60 MPa, with no middle mesh led
to 9.7% increase in the ultimate punching load. When increas-
ing the concrete strength from 40 MPa to 60 MPa with the
presence of middle mesh of ratio 0.21% it led to 14.6%
increase in the ultimate punching load. Nevertheless, the posi-
tive effect of increasing the concrete grade reduces when the
mesh reinforcement is increased above 0.35%.
Effect of ﬂexural reinforcement ratio
Strain energy
From the load–deﬂection relationship of NSC (40 MPa) for
different ratios of ﬂexural reinforcement, Fig. 10, the strain
energy was improved by 85% as a result of increasing the ﬂex-
ural reinforcement ratio from 0.258% to 0.583%. On otherhand, when increasing the ﬂexural reinforcement ratio from
0.583% to 1.05% the strain energy was reduced by 35.3%.
Punching shear capacity
It can be shown from Fig. 11 that, increasing the ﬂexural rein-
forcement ratio from 0.258% to 0.583%, resulted in an
increase 41.3% in the ultimate punching load; nevertheless,
when increasing this ratio from 0.583% to 1.05% the ultimate
punching load was reduced by 8.5%.
Comparison with the British Standard, BS-8110
Since the British Standard, BS-8110, accounts for the effect of
ﬂexural reinforcement on the punching shear capacity, it has
been utilized for comparison with the current tests. In Table 1,
the measured strength is given along with three predictions of
the BS-8110, off course with setting the strength reduction
factor cm = 1.0.
The ﬁrst prediction is obtained from Eq. (6) with its
limitations but without any consideration of the middle mesh.
The second prediction is similar to the ﬁrst prediction but with
adding the middle mesh to the ﬂexural reinforcement. The
Effect of mid-thickness rebar mesh 279third prediction is similar to the second prediction but with the
release of the restriction on the concrete strength in the BS-
8110 formula. It is obvious from the results of the three predic-
tions given in the table, when compared with measured
strength, that the BS-8110 formula is conservative.
Finite element analysis
Finite element modeling
In this study, a numerical analysis to a wide variation of
parameters, including the reported experimental work using
ANSYS-V12.0 [11] ﬁnite element package had been per-
formed. The numerical typical specimen is a slab column con-
nection with (1200 · 1200 · 140 mm) slab dimensions and
(160 · 160 · 160 mm) column dimensions. Specimens were
divided into two groups according to the shear reinforcement
ratio and ﬂexural reinforcement ratio. These two groups are
replicated for three concrete grades (40, 60 and 80 MPa). Spec-
imen A1 is a reference specimen to group A, whereas specimen
A0 is a reference specimen to group B. The properties of the
numerical specimens are shown in Table 3.
Element SOLID65 is utilized for the 3-D modeling of con-
crete with and without reinforcement. The element is deﬁned
by eight nodes having three translational degrees of freedom
each. Link8 with two nodes, each has three translational
degrees of freedom, is used for modeling discrete steel rein-
forcement bars. The specimens were vertically restrained at
the four sides. One corner had all translational degrees ofTable 4 Material properties of SOLID65.
Multilinear isotropic
C(40 MPa) C(6
Strain e Stress fc (MPa) Stra
1 0.000361 9.6 0.00
2 0.000599 15 0.00
3 0.0009 21 0.00
4 0.00132 27 0.00
5 0.002407 32 0.00
Table 3 Geometry, reinforcement details and failure load of the pa
Group Specimen Flexural Rft
% (qf)
Middle mes
% (qmm)
A A1 0.583 (7/12/cross-sec) –
A2 0.583 (7/12/cross-sec) 0.258 (7/8/
A0 0.583 (7/12/cross-sec) 0.408 (7/10
A3 0.583 (7/12/cross-sec) 0.583 (7/12
A4 0.583 (7/12/cross-sec) 1.05 (7/16/
B B1 0.258 (7/8/cross-sec) 0.408 (7/10
B2 0.408 (7/10/cross-sec) 0.408 (7/10
B3 1.05 (7/16/cross-sec) 0.408 (7/10
Sec: section; and fcu is taken 40, 60 and 80 MPa and the specimens are dist
the specimen notation, for example A1(40) means, specimen A1 with fcu =
diameter 8 mm and high tensile steel (400/600) for bars of diamete
depth = 113 mm.freedom ﬁxed, while another corner was restrained in the plane
of the plate in order to prevent the slab from moving and
rotating in its own plane [12].
Concrete modeling
SOLID65 element requires linear isotropic and multilinear iso-
tropic material properties to properly model concrete. The
elasticity modulus is assumed according to the ACI318-11
[8], which gives values of 26587.22, 29901.64 and
33460.0 MPa, for concrete of fcu equal to 40, 60 and 80 MPa,
respectively, and the Poisson’s ratio is assumed equal to 0.2,
Table 4. In the element formulation, the multilinear isotropic
material uses von Mises failure criterion along with the Wil-
liam and Warnke [13] model to deﬁne the failure of the con-
crete, Table 5. The compressive uniaxial stress–strain values
of concrete model are obtained using the following equations
with which the multilinear isotropic stress–strain relation of
concrete is computed [14].
f ¼ Ece=ð1þ ðe=e0Þ2Þ N=mm2 ð9aÞ
e0 ¼ 2f 0c=Ec N=mm2 ð9bÞ
where f is the stress at any strain e in MPa and e0 is the strain
corresponding to the peak stress, f 0c , and f
0
c is assumed equal to
0.8fcu.
Ec ¼ 4700
ﬃﬃﬃﬃ
f 0c
q
ðMPaÞ; ðACI 318 11Þ for NSC ð9cÞ0 MPa) C(80 MPa)
in e Stress fc Strain e Stress fc
04815 14.4 0.0007172 24
0811 22.8 0.00117 34
11858 31.2 0.00177 44
1692 39.6 0.00278 54
321 48 0.003825 64
rametric study specimens.
h Rft Failure load (kN)
fcu = 40 MPa fcu = 60 MPa fcu = 80 MPa
320 358.4 409.6
s) 371.2 435.2 460.8
/s) 409.6 486.4 486.4
/s) 409.6 486.4 499.2
s) 435 530 568.3
/s) 256 307.2 307.2
/s) 345.6 384 387.3
/s) 409.6 522 601.6
inguished according to fcu by adding the grade within brackets next to
40 MPa. The reinforcement: normal mild steel (240/350) for bars of
r 10 mm and larger. Column section is 160 * 160 mm, and slab
Table 5 Concrete constants for William and Warnke material model [13].
Concrete Constant C(40) C(60) C(80)
1 Shear transfer coeﬃcients for an open crack (bt) 0.3
2 Shear transfer coeﬃcients for a closed crack (bc) 0.8
3 Uniaxial tensile cracking stress (fr) 3.5 MPa 4.3 MPa 4.96 MPa
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ﬃﬃﬃﬃ
f 0c
q
þ6900 ðMPaÞ; ðACI 31811Þ for HSC ð9dÞ
The uniaxial tensile cracking stress, fr, is
fr ¼ 0:62
ﬃﬃﬃﬃ
f 0c
q
ðMPaÞ; ðACI 318; 2011Þ ð9eÞ0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
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Figure 13 Comparison between the analytical and the experi-
mental results for the inﬂuence of middle mesh ratio on the
punching shear capacity of NSC and HSC.Reinforcement
LINK8 element requires linear isotropic and bilinear isotropic
material properties to properly model the reinforcement. The
elasticity modulus, Es, is taken 2E+5 MPa and Poisson’s ratio
is assumed 0.3. Two types of yield stress were considered,
fy = 240 and 400 MPa, with the tangent modulus Et = 0.1Es
for both types of steel. The bond between concrete and rein-
forcement was assumed to be perfect.
Comparison between ﬁnite element results and the experimental
results
Effect of middle mesh on the punching shear strength
Figs. 12 and 13 show comparisons between the analytical and
experimental results for NSC (40 MPa) and HSC (60 MPa) for
the effect of different ratios of middle mesh on the load–dis-
placement relation and the ultimate punching shear capacity.
The comparison indicates that, for specimens A1(40) and
A0(40) there is a difference of 10% between the analytical
and the experimental results in the strain energy, for specimen
A2(40) the difference is 12% and for specimens A1(60), A2(60)
and A3(60), the difference is less than 3%. With this, the0 0.8 1.6 2.4 3.2 4 4.8 5.6 6.4 7.2 8 8.8 9.6
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Figure 12 Comparison between the analytical and the experi-
mental load–deﬂection curves for NSC and HSC specimens with
different ratios of middle mesh reinforcement.numerical results are considered satisfactory and in good
agreement with the experimental data.
Effect of ﬂexural reinforcement ratio
Figs. 14 and 15 show comparison between the analytical and
the experimental results in the form of load–deﬂection curves
and punching shear strength for NSC (40 MPa) specimens
associated with different ﬂexural reinforcement ratios. The
comparison shows that, for specimen B1(40) there is a differ-
ence of 18% between the analytical and the experimental
results in the strain energy and for specimen B3(40) the0 0.8 1.6 2.4 3.2 4 4.8 5.6 6.4 7.2
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Figure 14 Comparison between analytical and experimental
load–deﬂection curves for NSC specimens with different ﬂexural
reinforcement ratios.
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Figure 15 Comparison between analytical and experimental for
the inﬂuence of ﬂexural reinforcement ratio on ultimate punching
shear capacity for NSC.
0 150 300 450 600 750
0
150
300
450
600
750
Analycal Punching Load (kN)
Ex
pe
rim
en
ta
l P
un
ch
in
g 
Lo
ad
 (k
N
)
A(40)
B(40)
A(60)
Figure 16 Comparison between analytical and experimental
punching load.
Effect of mid-thickness rebar mesh 281difference is 6.8%. The comparison reveals a good agreement
between the two sets of results. In addition, Fig. 16 presents a
direct comparison between the ﬁnite element predictions of
ultimate punching shear strength and the experimental results.0 0.8 1.6 2.4 3.2 4
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Figure 17 Load–deﬂection relation of NSC and HSCFrom the shown plot, the accuracy of the ﬁnite element predic-
tions is obvious.
Parametric study
Based on the satisfactory results of the ﬁnite element, the
method had been utilized to perform a parametric study with
the objective of investigating the inﬂuence key parameters on
the punching shear strength and strain energy of the interior
slab–column connection. These parameters include the middle
mesh reinforcement ratio, the ﬂexural reinforcement ratio and
the concrete grade. The study had been carried out using
ANSYS-V12.0 ﬁnite element package.
Effect of middle mesh
Strain energy
From Fig. 17, it can be observed that for NSC (40 MPa) spec-
imens, increasing the proposed mesh ratio from 0% to 0.258%
improved the strain energy by 37.5%, increasing the ratio from
0.258% to 0.408% improved the strain energy by 17.5% and
when increasing the ratio beyond that the inﬂuence on strain
energy was limited. For HSC (60 MPa) specimens, increasing
the mesh ratio from 0% to 0.258% improved the strain energy
by 40.5%, increasing the ratio from 0.258% to 0.408%
improved the strain energy by 4.6%, increasing the ratio from
0.408% to 0.583% improved the strain energy by 6.6% and
increasing the ratio from 0.583% to 1.05% improved the strain
energy by 9.6%. As for HSC (80 MPa), increasing the mesh
ratio from 0% to 0.258% improved the strain energy by
18.5%, increasing the ratio from 0.258% to 0.408% improved
the strain energy by 5.3%, increasing the ratio from 0.408% to
0.583% improved the strain energy by 4.5% and increasing the
ratio from 0.583% to 1.05% improved the strain energy by
15.1%.
Punching shear capacity
From Fig. 18, it is obvious that using the middle layer as shear
reinforcement has a positive effect in enhancing the punching
shear strength of the specimens and from the ﬁgure, for NSC
(40 MPa) it can be shown that, increasing the mesh ratio from
0% to 0.258%, increased the ultimate punching load to about
15.6%, when increasing the ratio from 0.258% to 0.408% the4.8 5.6 6.4 7.2 8 8.8 9.6
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Figure 18 Inﬂuence of middle mesh reinforcement ratio on the
punching shear capacity of NSC and HSC specimens.
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Figure 19 Load–deﬂection relationship of NSC and HSC for
different ﬂexural reinforcement ratios.
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Figure 20 Inﬂuence of ﬂexural reinforcement ratio on the
punching shear capacity of NSC and HSC.
282 A. Ibrahim et al.ultimate punching load increased by 10.5%,when the ratio is
increased beyond that until 0.583% the effect is limited, from
0.583% to 1.05%, increased the ultimate punching load to
about 6.4%. Furthermore, it can be shown from Fig. 18 for
HSC (60 MPa) that, increasing shear reinforcement ratio from
0% to 0.258%, led to 21.5% increase in the ultimate punching
load, when increasing the ratio from 0.258% to 0.408% the
ultimate punching load increased by 7.6%, when increasing
the ratio from 0.408% to 0.583% it led to 3.8% increase in
the ultimate punching load and increasing the ratio from
0.583% to 1.05% led to 9.0% increase in the ultimate punch-
ing load. Moreover, it can be shown from Fig. 18 for HSC
(80 MPa) that, increasing shear reinforcement ratio from 0%
to 0.258%, led to 12.4% increase in the ultimate punching
load, when increasing the ratio from 0.258% to 0.408% it
led to 5.6% increase in the ultimate punching load, when
increasing the ratio from 0.408% to 0.583% the increase in
the ultimate punching load was 2.8% only and increasing the
ratio from 0.583% to 1.05% it led to 13.6% increase in the
ultimate punching load.
Effect of ﬂexural reinforcement ratio
Strain energy
It can be shown from Fig. 19 for NSC (40 MPa) specimens
that, increasing the ratio from 0.258% to 0.408% improved
the strain energy by 38.5%, increasing the ratio from
0.408% to 0.583% improved the strain energy by 24.25%
and when the ratio was increased beyond that the effect on
strain energy was limited or reversed. Furthermore, it can be
shown from Fig. 19 that for HSC (60 MPa) specimens, increas-
ing the ratio from 0.258% to 0.408% improved the strain
energy by 32.0%, increasing the ratio from 0.408% to
0.583% improved the strain energy by 24.7% and increasing
the ratio from 0.583% to 1.05% improved the strain energy
by 17.2%. Moreover, it can be shown from Fig. 19 for HSC
(80 MPa) specimens that, increasing the ratio from 0.258%
to 0.408% improved the strain energy by 9.8%, increasing
the ratio from 0.408% to 0.583% improved the strain energy
by 46.75% and increasing the ratio from 0.583% to 1.05%
improved the strain energy by 24.7%.Punching shear capacity
It can be shown from Fig. 20 that for NSC (40 MPa), increas-
ing the ﬂexural reinforcement ratio from 0.258% to 0.408%
led to an increase in the ultimate punching load by 34.7%,
increasing the ratio from 0.408% to 0.583% led to an increase
in the ultimate punching load by 18.5% and increasing the
ratio from 0.583% to 1.05% had no signiﬁcant effect. Also
for HSC (60 MPa), Fig. 20 shows that, increasing the ﬂexural
reinforcement ratio from 0.258% to 0.408% led to an increase
in the ultimate punching load by 25%, when increasing ﬂex-
ural reinforcement ratio from 0.408% to 0.583% it led to an
increase in the ultimate punching load by 19.8% and increas-
ing the ratio from 0.583% to 1.05% led to an increase in the
ultimate punching load by 13.5%. Moreover, it can be noted
from Fig. 20 for HSC (80 MPa) that, increasing ﬂexural rein-
forcement ratio from 0.258% to 0.408% led to increase the
ultimate punching load by 26%, increasing the ratio from
0.408% to 0.583% led to an increase in the ultimate punching
load by 25.5% and when increasing the ratio from 0.583% to
1.05% it led to an increase in the ultimate punching load by
23.6%.
Effect of mid-thickness rebar mesh 283Increasing the ﬂexural reinforcement versus the middle mesh
Upon the examination of the results presented in Figs. 18 and
20, the following can be noted. Increasing the ﬂexural tension
reinforcement, up to certain limit, is more effective in improv-
ing the punching shear capacity than using this additional rein-
forcement as a middle mesh. Beyond this limit, the positive
effect of increasing the ﬂexural tension steel either reduces or
diminishes, whereas the positive effect of increasing the ration
of the middle mesh continues.
Conclusions
Based on the results of the experimental and analytical work,
the following conclusions can be drawn:
 The proposed shear reinforcement system has a signiﬁcant
effect in increasing the punching shear strength capacity
and in improving the strain energy for both NSC and HSC.
 Increasing the ﬂexural reinforcement ratio has signiﬁcant
effect in increasing the punching shear strength capacity
but to some extent particularly for NSC.
 Increasing the concrete grade for the case of small ﬂexural
reinforcement ratio does not have a signiﬁcant effect on
the behavior in contrast to the case of high ﬂexural
reinforcement ratio.
 The general ﬁnite element software ANSYS can be used to
accurately simulate the punching shear behavior of
reinforced concrete ﬂat plates.
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